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ABSTRACT
A persistent challenge in the field of spintronics is the search for suitable materials that enable the circumvention of the impedance mismatch
preventing efficient spin-injection from metallic ferromagnetic conductors into semiconductors. One promising material is europium sulfide
(EuS), a ferromagnetic semiconductor below the Curie temperature of 16.5 K. Investigation and optimization of the conditions required
for high-quality growth of epitaxial EuS films on suitable substrates are thus of particular interest for the creation of efficient devices. We
present the results of a growth-mode study employing atomic force microscopy and spot-profile analysis low-energy electron diffraction
(SPA-LEED) of epitaxial EuS thin films deposited by electron-beam evaporation on InAs(100) substrates with varying combinations of,
respectively, growth and annealing temperatures, Tg and Ta, from room temperature to 400 ○C. We observed Stranski-Krastanov-like growth
featuring low-roughness surfaces with root mean square values between 0.4 – 0.9 nm for all temperature combinations. An increased tendency
for nucleation into grains and islands was observed for higher Ta from 300 – 400 ○C. The corresponding nucleation mode, defined by varying
degrees of 2D and 3D nucleation, was dependent on Tg. A 2D island growth mode was observed for Tg = 150 ○C and Ta = 400 ○C featuring
a sharp and bright SPA-LEED pattern. This suggests the formation of a highly ordered, smooth surface for these growth conditions thereby
providing a good starting point for optimization attempts for potential future devices.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5080123
I. INTRODUCTION
The interest in the research field of spintronics is still unbroken
and has been such for several decades.1–3 It aims to combine the elec-
tronic and magnetic properties of charge carriers to construct new
electronic devices. Among the expected advantages of such devices
are faster data processing and more substantial magnetic storage
capabilities.4,5 The ideal spintronic device would thus be a mag-
netic semiconductor with a Curie temperature (TC) far above room
temperature (RT).
Europium sulfide (EuS) is such a magnetic semiconductor with
a very high magnetic moment of 7 µB per Eu atom, coming from a
highly localized, half-filled 4f shell.6 The bandgap energy is 1.65 eV
and has been shown to be tunable by quantum-confinement effects.7
The current main drawback of EuS is its low TC of 16.5 K.
However, a higher TC has been reported for lattice contracted EuS
due to growth dislocations8 or high pressure.9 Additionally, it was
found that TC of EuS could be increased significantly to 180 K in
EuS nanoparticles embedded in a Co matrix10 or even above RT in
conjunction with Co or Ni in multilayer structures.11–13
Apart from the ferromagnetic properties, the film quality of
the EuS layers will also play a crucial role in future devices. Ear-
lier studies of epitaxial growth of EuS were conducted on different
materials such as Si, PbS and BaF2 with differing outcomes.14–16 Our
attempts focused on the choice of the two semiconductors InP(100)
and InAs(100) as substrates because of the minimal lattice mismatch
of only 1.5 %. For both substrates, epitaxial growth of EuS was con-
firmed but with varying film qualities. Generally, films grown on
InAs show higher quality.17 Therefore, this paper will focus on opti-
mizing and understanding the epitaxial growth of EuS films on InAs
through study of their growth mode and surface quality for different
growth parameters.
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II. EXPERIMENTAL DETAILS
All samples were prepared by e-beam evaporation of EuS pow-
der of 99.9 % purity from a tungsten crucible onto commercially
available 1 cm × 1 cm InAs(100) substrates in an ultrahigh-vacuum
chamber with a base pressure of 2 × 10-10 mbar.
Before evaporation, the InAs substrates were sputtered with
argon gas (1 kV) for one hour and then annealed at 300 ○C for
30 minutes to remove any surface contaminants. Later, the purity
and crystallinity of the substrate surface were confirmed by Auger
electron spectroscopy (AES) and spot-profile analysis low-energy
electron diffraction (SPA-LEED) by detecting the typical InAs
c(8 × 2)/(4 × 2) surface reconstruction. In cases where AES or LEED
identified remaining contamination of the substrate, the cleaning
procedure was repeated.
During film growth, the film thickness was monitored by an
appropriately calibrated quartz microbalance and the substrate tem-
perature was regulated through indirect heating from the back of the
sample with a controllable heater, integrated into the sample holder.
After reaching the desired film thickness, the samples were annealed
at the chosen temperatures for an additional 30 minutes and then
checked for surface contaminations employing AES.
For this work, eight samples were prepared in the above man-
ner with a EuS film thickness of 4 nm at varying combinations of
growth and annealing temperatures ranging from RT up to 400 ○C.
The experimental methods employed for the surface charac-
terization of the deposited films were SPA-LEED and atomic force
microscopy (AFM).
III. EXPERIMENTAL RESULTS
An essential parameter for the creation of potential future
devices based on epitaxially grown EuS films on InAs is the depen-
dence of film roughness and crystallinity, i.e., the film quality, on
the growth conditions such as the growth and annealing tempera-
tures Tg and Ta, respectively. In general, films featuring crystalline
surfaces of low roughness are desirable to ensure optimal device effi-
ciency by providing a potentially high interface quality with other
device components or electrical contacts. In this section, we there-
fore present the results of our investigation of the film roughness
and crystallinity for different combinations of Tg and Ta.
Figure 1 shows SPA-LEED patterns (left row) and correspond-
ing AFM images (right row) of four of the eight films investi-
gated. All SPA-LEED patterns were recorded using an electron beam
energy of 67.5 eV, corresponding to the 4th in-phase condition of the
(00)-spot of the ideal EuS lattice. They are depicted on a logarith-
mic intensity scale. The AFM images each show the topography of a
500 nm × 500 nm sized area on the EuS film surface. The image res-
olution varied between sampling sizes of 1 - 3 nm. Both, SPA-LEED
patterns and AFM images were recorded at the center of each sample
to enable the comparison of the results obtained with the two locally
constrained techniques.
The SPA-LEED examination of all investigated samples showed
a simple 1 × 1 LEED pattern as expected from an unreconstructed
NaCl-type face-centered cubic (fcc) lattice like EuS mirroring our
earlier studies of EuS grown on InAs(100).17 This confirms suc-
cessful epitaxial growth for all chosen combinations of Tg and Ta.
In SPA-LEED investigations both, the intensities and widths of the
FIG. 1. SPA-LEED patterns (left row) with logarithmic intensity scaling and (00)-
spots marked and corresponding AFM images (right row) of EuS thin films of 4
nm thickness on InAs(100) with different combinations of growth parameters Tg
and Ta indicated in (a)-(d). Both, SPA-LEED and AFM investigation reveal a clear
dependence of the surface quality on the chosen growth parameters with Stranski-
Krastanov-like growth featuring different degrees of 2D and 3D nucleation. (a∗)
shows a secondary topography found on the corresponding sample.
recorded diffraction spots are highly sensitive to the local surface
roughness, i.e., the topography variation below the transfer width
(approx. 100 nm18) of the SPA-LEED setup.19,20 Determination of
the quality factor Qhk = Ihk/FWHMhk, i.e., the ratio between intensity
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TABLE I. Growth and annealing temperature dependence of EuS filma SPA-LEED quality
factors.
Q00 Q00 Q00
Tg Ta= 150 ○C Cat. Ta = 300 ○C Cat. Ta = 400 ○C Cat.
RT –/3.4(3)b 1/2 7.4(5) 2 0.3(1) 1
150 ○C - 0.6(1) 3 6.8(4) 2
300 ○C - 0.6(1) 1 0.9(2) 3
400 ○C - - 1.2(4) 1
aAll samples were deposited with a film thickness of 4 nm.
bThis sample showed both topographies of category 1 and 2, the
tabulated Q factor is presumed to correspond to the latter.
I and full-width-half-maximum FWHM of a specific diffraction spot
with Miller indices (hk), therefore constitutes a semi-quantitative
approach to compare the surface quality of different samples.
Here, the (00) diffraction spots were analyzed as the diffraction
patterns were recorded at their in-phase condition. The resulting
Q00-factors (Table I) are thus higher for sample topographies that
are closer to an ideal, smooth surface, defined by a diffraction pat-
tern only affected by instrumental broadening.21 Spot intensities
and widths were obtained by averaging fit parameters of Lorentzian-
Gaussian fits of vertical and horizontal line scans through the center
of the (00)-spots. This accounts for a possible sample tilt and poten-
tial asymmetries of the diffraction spots due to the presence of peri-
odic surface steps or similar features known to cause deviances from
a regular circular spot shape.19
An additional parameter used to evaluate the surface roughness
of each sample was the average of the image root mean square (RMS)
of AFM images of different locations around the sample’s center that
feature comparable resolution (Table II). Neglected here were fea-
tures that on average occurred less than once per 100 nm × 100 nm,
i.e., were uncommon within the transfer width of the SPA-LEED
setup. This enabled the correlation between RMS and Q00-factors
and ensured that irregular features, often included in the images as
points of reference, do not unduly influence the result.
The Q00-factors and RMS values as well as types of topographies
observed through AFM (Fig. 1) varied for each combination of Tg
and Ta. The growth mode for all chosen growth parameters can be
qualified as Stranski-Krastanov-like,19 featuring varying degrees of
2D and 3D nucleation on top of a wetting layer. The wetting-layer
thickness was not directly measured. However, through estimation
TABLE II. Growth and annealing temperature dependence of EuS filma roughness
(RMS).
RMS (Å) RMS (Å) RMS (Å)
Tg Ta= 150 ○C Cat. Ta = 300 ○C Cat. Ta = 400 ○C Cat.
RT 4.9 (5)/5.4(5) 1/2 5.6(6) 2 4.4(5) 1
150 ○C - 7.5(7) 3 5.4(4) 2
300 ○C - 4.3(2) 1 9(1) 3
400 ○C - - 4.4(2) 1
aAll samples were deposited with a film thickness of 4 nm.
of the inelastic mean free path,22 a complete covering of the sub-
strates by a homogeneous EuS wetting layer with a thickness of
approximately 2 nm or more can be inferred as no Auger signal
of either substrate constituent was observed after EuS evaporation.
Three categories of topography could be distinguished with only one
sample (Tg = RT, Ta = 150 ○C) having shown more than one. The
category assigned to each topography is indicated in both Tables I
and II. The three categories are defined as follows:
Category 1 topographies feature sporadic 3D nucleation
(grains) with roughly circular base area on the wetting layer
(Fig. 1(a), (d)). Grain coverages were below 2 % of the surface area
for all such samples. Generally, increased coverage was observed
for higher Tg and Ta. Due to the low grain coverage only the wet-
ting layer contributed to the RMS values between 4.5 - 5 Å and
comparatively low Q00-factors. The individual mean heights of the
observed grains ranged up to 80 nm. In the case of one sample
(Tg = Ta = 400 ○C), they were found to be linearly correlated with
their base area [Fig. 2(a)] consistent with a thermally stable 3D
growth mode featuring a constant ratio between surface and inter-
face free energies.20 For other category 1 samples, a similar correla-
tion could not be established through graphical analysis because of
the infrequency of grains on any given AFM image and the intro-
duction of a rather sizeable relative error between grain parameters
when attempting to combine results from different images due to
differences in resolution, scanning speed and image processing.
Category 2 topographies feature a high coverage (>50 %) of the
wetting layer with 2D nuclei and sporadic occurrences of additional
3D nucleation. This category was observed exclusively for samples
FIG. 2. Correlation between base area and mean heights of individual grains
obtained through AFM investigation of two EuS thin films of 4 nm thickness on
InAs(100). Grains were examined in (a) a 20 µm × 20 µm (Tg = Ta = 400 ○C)
and (b) a 0.75 µm × 1.5 µm area (Tg = 150 ○C, Ta = 300 ○C). (a) features a
linear correlation (red fit), consistent with a stable 3D nucleation mode. (b) shows
behavior consistent with a transition from 3D to 2D growth. Red solid line: fit of the
equilibrium growth path using an empirical model [Eq. (1)]. Red dashed lines: ther-
modynamically valid growth paths with increased (upper) and decreased (lower)
contribution of the 3D growth mode.
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grown at RT and 150 ○C with annealing temperatures up to 400 ○C.
The obtained RMS values of about 5.5 Å, account for both, the
wetting layer and the 2D growth as well as their height difference.
When considered in isolation, the feature RMS of the 2D growth was
remarkably smooth, ranging from 2.5 - 3.7 Å, close to the expected
level of the background noise. In correlation with the high cover-
age with smooth 2D features, that possess lateral dimensions well
above the SPA-LEED transfer width, category 2 samples featured the
highest quality factors (Q00 > 3). Two examples of this category are
shown in Fig. 1(a∗) and 1(b). Both featured 2D island growth (white
arrows) with heights between 3 - 5 monolayers (ML). Here, we
assumed that the Q00-factors of the sample (Tg = RT, Ta = 150 ○C)
that showed both, category 1 and 2 topographies corresponded to
the latter because the RMS of the observed wetting layer is compa-
rable to other category 1 samples [see Figures 1(a) and (d)], while its
Q00-factor is significantly higher.
Category 3 topographies feature a high frequency of 3D nucle-
ation exceeding one feature per 100 nm× 100 nm. Consequently, the
associated RMS values (7 - 10Å) were the highest of all the categories
while the Q00-factors were comparatively low. An example of a cate-
gory 3 topography is shown in Fig. 1(c). The surface of this particular
sample (Tg = 150 ○C, Ta = 300 ○C) showed a high degree of grain
coverage of 49(2) % evaluated over a total area of 14 µm × 14 µm.
Figure 2(b) shows the relationship between the mean height and base
area of individual grains observed in a 0.75 µm × 1.50 µm area rep-
resentative of all recorded AFM images for this sample. Due to the
high number of data points, it represents a histogram of the growth
states and growth paths available for nucleation in the context of the
thermodynamics of the system. The behavior of the data indicates
three stages of growth. The initial stage, found for small grain areas
A below 0.001 µm2, is defined by a steady increase in grain height
with A. This is comparable to the linear behavior of the 3D growth
mode shown in Fig. 2(a). The second stage is marked by a widen-
ing distribution of grain heights for increasing values of A followed
by an eventual narrowing. This indicates an opening up of possible
growth paths which subsequently converge again. The third stage,
2D nucleation, features a nearly constant height for grains featuring
a grain area above 0.02 µm2.
The observed behavior suggests a thermodynamic competi-
tion between a 3D and a 2D growth mode, z3D(A) and z2D(A),
in which z3D initially dominates before becoming thermodynami-
cally unfavorable with increasing grain area A. In this model, the
equilibrium growth path zeq(A) for which the associated Gibbs free
energy is minimized can be expressed by the following empirical
relationship:
zeq(A) = z3D(A) × exp(−E ×A) + z2D(A) + z0= mA × exp(−E × A) + zmax × (1 − exp(−d × A)) + z0. (1)
Here, z3D(A) is described by a linear relation with slope m that
is proportional to the characteristic ratio between the surface and
interface free energy. z2D(A) is represented by a saturation function
describing growth up to a characteristic grain height zmax. The reced-
ing contribution of the 3D growth mode is expressed by the addi-
tional Boltzmann factor exp(−E ×A), with E ∝ ∆G3D/2D/kBT, where
∆G3D/2D is the difference in Gibbs free energy per µm2 between
grains purely in the 3D and 2D growth mode. Applying this model to
the data yields the fit (red solid line) in Fig. 2(b). The two additional
red dashed lines represent non-equilibrium growth paths defined by
an increase (upper curve) and decrease (lower curve) by 1/e of the
contribution of z3D(A) to the fit, respectively. They represent two
of many possible growth paths with a sufficiently small difference
in free energy ∆G to zeq(A) (∆G ≈ kBT) to have a non-negligible
likelihood of contributing to the observed distribution of growth
states.
Due to all three curves reflecting the observed distribution
of growth states reasonably well, the assumption of a competition
between 3D and 2D growth as the source of the observed correlation
between mean grain height and base area can be considered vali-
dated. It therefore stands to reason that topographies of category
3 are the result of hybrid growth modes between those leading to
topographies of category 1 and 2.
Overall, category 2 topographies show the most potential for
future application. While they featured slightly higher total RMS val-
ues than category 1 samples, the RMS of the 2D islands that were
only observed for category 2 samples was exceptionally low. As the
RMS values for category 2 samples were sensitive to both, wetting
layer and 2D growth an increase in the surface coverage of the latter
through optimization of the growth parameters is expected to yield
lower total RMS values than observed up to now. Also, the resulting
higher Q-factors of category 2 topographies suggest a more highly
ordered surface in comparison to both, category 1 and 3 topogra-
phies. Hence, optimizing the growth parameters of category 2 sam-
ples will be a good starting point towards eventual layer-by-layer
growth.
IV. CONCLUSION
The dependence of the surface quality of EuS films on
InAs(100) on the growth and annealing temperatures Tg and Ta was
investigated and confirmed using SPA-LEED and AFM. The films
were determined to be epitaxial while the growth mode was identi-
fied as Stranski-Krastanov-like. The examined sample topographies
were sorted into three categories defined by the varying degrees of
observed 3D and 2D nucleation.
The most promising category for future application was
observed for samples grown at RT and 150 ○C with annealing tem-
peratures up to 400 ○C. It featured a high surface coverage with low
RMS 2D island growth and a high quality factor.
Further attempts at optimization of the surface quality of EuS
films on InAs are therefore recommended for growth parameters
around Tg = RT/150 ○C and Ta = 400 ○C with the goal of increasing
the coverage of the wetting layer with 2D islands and approaching
layer-by-layer growth.
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